Varved lake sediments provide a unique opportunity to validate results of isotope dating 23 methods. This allows testing of different numerical models and constraining procedures to 24 produce reliable and precise chronologies. Here we present results of the model testing and 25 validation by multiple dating approaches for the varved sediment record from Lake Żabińskie 26 (northeastern Poland). Our goal was to assess possible deviations of 210 Pb-derived ages from 27 true sediment ages provided by varve chronology and to check how different numerical 28 procedures can improve the consistency of the chronologies. Different methods for age 29 estimation were applied including varve counting, 210 Pb, 137 Cs, 14 C and tephra identification. 30 Microscopic analysis of the varve microfacies revealed that laminations found in Lake 31 Żabińskie were biogenic (calcite) varves. Three independent counts indicated a good 32 preservation quality of laminae in the sediment profile which contained 178 +4 /-8 varve years.
≈10 yrs for the 120 years old sediments. Five cores were collected in September 2011 and January 2012 using a 90-mm diameter 145 UWITEC gravity corer. All sediment cores were split lengthwise into two halves (A and B), 146 macroscopically described and stored at 4°C before subsampling. Two overlapping sediment 147 cores (ZAB-11/3 and ZAB-12/1) with perfectly preserved varves and undisturbed sediment-148 water interface were correlated visually using macroscopic marker horizons and allowed us to 149 construct a composite sediment profile which was used for further analysis. 150 Core half A was sampled for the analyses necessary for sediment age estimation, i.e. water 151 content, dry density, varve counting, tephra identification and radioisotopes (Fig. 1B) . First, 152 primary varve counting was done based on high-resolution digital photographs of fresh 153 sediment surfaces. Next, the sediment profile was subsampled continuously for thin sections 154 preparation. Samples were cut from the fresh sediment using aluminum foil trays (10 cm long 155 x 2 cm wide x 1 cm deep) keeping an overlap of 2 cm. The sediment profile covering the last 156 180 varve years was then subsampled with 3-yr resolution according to varve boundaries based 157 on primary varve counting. 158 From each of the 60 sediment samples obtained in this way volumetric samples were collected 159 and measured for wet density (weighted mass of 1cm 3 of fresh sediment), water content 160 (percentage loss of mass after drying at 105°C for 24 hours) and dry density (weighted mass of 161 dry sediment from 1cm 3 of fresh sediment after drying). From the lower core section we 162 additionally collected 1 cm 3 of fresh sediment from each 3-yr sample for cryptotephra analyses. 163 The remaining sediment from each of the 60 samples was freeze dried, homogenized in agate 164 mortar and stored tight in glass vials prior to isotope analysis. Preparation of thin sections followed the procedure described by Lotter and Lemcke (1999) . 168 Sediment blocks collected in aluminum foil trays were shock-frozen in liquid nitrogen, freeze-169 dried and subsequently impregnated with Araldite©2020 epoxy resin. Then large-sized thin 170 sections were prepared from impregnated sediment blocks (MK Factory, Germany).
171
The varve microfacies (composition of individual laminae and varve structures) were inspected 172 with a petrographic microscope. Next, thin sections were scanned at 2400 dpi resolution using 173 a flatbed scanner and a polarizing foil. All digital images were correlated using varve-by-varve 174 comparison and sections for varve counting were marked in each image. The number of varves 175 was determined manually by three different counters using the CooRecorder software 176 (http://www.cybis.se). Each ambiguous section was individually checked under a microscope 177 and classified as varve or not.
178
Based on three independent counts, the final varve chronology was established and its 179 uncertainty was estimated according to the following procedure: (1) varves indicated in all three 180 counts were added to the chronology without increasing the uncertainty; (2) varves missed in minus (toward younger age); (3) varves missed in two counts were not added to the chronology 183 but the uncertainty in plus (toward older age) was increased by 1 year. 184 185
Tephra identification 186
The identification of tephra used (1) the stepwise targeted sediment sampling from potential 187 tephra bearing intervals based on the varve chronology, (2) the chemical and physical separation Freeze-dried and homogenized sediment samples were stored in measurement containers for a 214 minimum of three weeks to obtain secular equilibrium of radon and its short-lived daughter 215 products with 226 Ra. The activity of 137 Cs and 226 Ra was determined directly by gamma-ray 216 spectrometry. Gamma measurements were carried out using a HPGe well-type detector (GCW 217 2021) with a relative efficiency of 27% and FWHM of 1.9 at the energy of 1333 keV (Canberra).
218
The detector was coupled to a multi-channel analyzer and shielded by a 15 cm thick layer of 219 lead. Counting efficiency was determined using reference materials (CBSS-2 for 137 Cs at 661.6 220 keV and RGU-1 for 226 Ra via 214 Pb at 352 keV) in the same measurement geometry as for the 221 samples. The counting time for each sediment sample was 72 h.
222
It was not possible to determine the 210 Pb activity directly using gamma spectrometry (46.5 Therefore, activity of total 210 Pb was determined indirectly by measuring its daughter product 225 210 Po (α = 5.308 MeV, T1/2 = 138 d) using alpha spectrometry. Dry sediment samples of 0.2 g 226 were transferred into Teflon digestion vessels, spiked with 208 Po yield tracer (α = 5.105 MeV, 227 T1/2 = 2.9 yr) and digested at a temperature of 120°C using concentrated HNO3, HClO4 and HF.
228
After 24 h the solution was transferred into a Teflon beaker, evaporated with 6M HCl to dryness 229 and then dissolved in 0.5M HCl. Polonium isotopes were spontaneously deposited within 4 h 230 on silver discs (Flynn, 1968) . After deposition, discs were washed with methanol and analyzed 231 for 210 Po and 208 Po. Activities were measured for 24 h using a 7200-04 APEX Alpha Analyst 232 integrated alpha-spectroscopy system (Canberra) equipped with PIPS A450-18AM detectors.
233
A certified mixed alpha source ( 234 U, 238 U, 239 Pu and 241 Am; SRS 73833-121, Analytics, 234 Atlanta, USA) was used to check the detector counting efficiencies, which varied from 18.6% 235 to 19.4% for the applied geometry. The deposition efficiency estimated by comparing the 236 measured and spiked 208 Po activities was 84±3% (n=60). Two blank samples were analyzed 237 with each sample batch to additionally verify the quality of the chemical procedure. The sediment profile had a length of 105.4 cm and exhibited a clear laminated structure.
256
Generally, the laminations could be characterized as a regular succession of pale calcite layers 257 and dark organic-rich layers. The preservation quality of the laminae was very good with clear 258 sedimentary contacts between the laminae. However, distinct changes in the sediment color and 259 the laminae thickness were observed along the profile (Fig. 2) . Thin section analyses revealed 260 also differences in the structure of the annual depositions. In the lowermost part (105.4-85.8 261 cm), olive-colored sediment formed thick laminae couplets (4-11 mm) with a distinct calcite 262 lamina and a dark organic detrital-rich lamina that is covered by a thin clay layer. In the next 263 section (85.8-70 cm), the sediment color became reddish, varve thickness ranged from 3.9 to 2). Further downcore (51.7-70.8 cm) the preservation quality was less good and some visible 279 disturbances in the sediment structure caused difficulties in the counts. Still, the counting 280 uncertainty was very low: at 70.1 cm the sediment age was estimated to 125 +2 /-5 varve years.
281
Finally, at the lowermost part of the sediment profile (105.4 cm) the sediment age reached 282 174 +4 /-8, which differed from the primary macroscopic counting (180 yrs) insignificantly. were recorded in the lowermost part 105.4-87.5 cm (Fig. 2) . Then, SAR varied in a range 286 between 0.06 and 0.17 g cm -2 yr -1 without any long-term trend until 26 cm sediment depth 287 where a significant peak was recorded between 26 and 17 cm with values >0.2 g cm -2 yr -1 . The 288 topmost part of the sediment profile is characterized by a decrease in SAR to minimum values 289 of <0.1 g cm -2 yr -1 at the sediment core surface. 290 291
Tephra

292
A total of 47 volcanic glass shards/cm 3 was detected in the sample at 78-79 cm sediment depth. 293 12 of these shards were geochemically analyzed (ESM -Appendix 1). EPMA measurements 294 revealed a homogenous rhyolitic composition of this cryptotephra that is distinct from other 295 widespread, historical silicic tephras from Iceland (Fig. 3) . The volcanic material was found in The activity concentrations of 137 Cs in the Lake Żabińskie sediment record show two distinct 313 maxima that are perfectly consistent with the history of atmospheric deposition (Fig. 4) . First 314 traces of 137 Cs occurred in the section at 36-38 cm sediment depth which was dated by varve 315 counting to AD 1952 AD -1957 . A significant increase was recorded at a depth of 34.5-36 cm 316 followed by a maximum at 31-34 cm sediment depth dated by varve counting to AD 1961-317 1965. Above, the activity decreased continuously up-core until the second peak recorded at 12-318 14.5 cm sediment depth. This sediment stratum has been dated by varve counting to AD 1984-319 1989. From that point, the activities decreased to minimum values in the uppermost part of the 320 sediment record.
321
The sediment profile displays a decrease of total 210 Pb activities from the sediment surface until 322 71 cm depth (Fig. 4 ). Below this depth activities varied irregularly without a decreasing trend. 323 We estimated the level of 210 Pbsupported using the activity of 226 Ra which was measured by an We applied two alternative dating models (CFCS and CRS) to estimate the age-depth 333 relationships in the sediment core (Fig. 5) . For the CFCS model we calculated a mean SAR for 334 the entire profile from the exponential equation and obtained 0.199±0.009 g cm -2 yr -1 . Although 335 the coefficient of determination for the entire profile is high, it is evident that a simple regression 336 line does not explain the full variability in the profile. Therefore, we used this piecewise linear 337 behavior and divided the profile into three segments. Next, we calculated the mean SAR for 338 each segment of the profile. From the derived SAR values, the ages of sediments at different 339 depths were calculated. Alternative interpretations, i.e. simple model (CFCS-1) and composite 340 model (CFCS-2) provided significantly different sediment ages, especially in the lower part of 341 the profile (Fig. 6 ).
342
To use the CRS model we calculated the total 210 Pbuns inventory in the sediments which was 343 equal to 13.9±0.27 kBq m -2 . Next, we corrected this value based on extrapolation of the 344 exponential equation to eliminate a systematic deviation of CRS dates toward erroneously old 345 ages, i.e. the so-called "old-date error" (Binford, 1990) . The value of correction amounted to 346 1.45 kBq m -2 . As a result of unconstrained CRS model calculations (CRS-1) we obtained the 347 age-depth relationship which was similar to the CFCS-1 model results, and deviated 348 significantly from the varve chronology (Fig. 6) . Constraining the CRS model with the 137 Cs The sediment core from Lake Żabińskie reveals a quite complex picture of sedimentation 360 conditions. On one hand, the lake environment is suitable for using 210 Pb as a dating tool: (1) 361 the well-preserved varves confirm the absence of physical and biological mixing in the production, but they may also be caused by different rates of sediment focusing and catchment 370 inputs into the lake. Therefore, some constraints in using the 210 Pb dating models can be 371 expected.
372
Although the overall exponential decrease of 210 Pb with depth is seen, varying SAR cause some 373 irregularities in the 210 Pb vertical profile. Apart from that, we also found the supported 210 Pb to the lack of long-term data series regarding the water balance of this lake.
387
The corrected total inventory of 210 Pbuns determined by integration of dry mass and activity into 388 individual vertical increments of the core amounted to >15 kBq m -2 , which is a very high value.
389
To validate these calculations we applied the reference level method (Appleby, 2001) using the 390 well-defined 137 Cs peaks and obtained an inventory that equals 11.7 kBq m -2 and 13.7 kBq m -2 391 based on the AD 1986 and AD 1963 137 Cs peaks, respectively. These differences indicate that 392 the 210 Pb flux to the sediments was variable in time and in the lower part of the profile (below 393 the cesium peaks) it must have been much higher than expected from the cumulative inventories 394 above the cesium peaks. Although direct measurements of 210 Pb atmospheric deposition are not 395 available for this area, based on the relationship with sums of annual precipitation (Appleby, For the CFCS model, a significant improvement was introduced after using composite CFCS 483 with different SAR values for the three zones. The model could not reproduce exactly the AD 484 1963 137 Cs peak, yet provided highly consistent values along the time scale with deviations <5 485 yrs compared with calendar ages. As suggested by Sanchez-Cabeza and Ruiz-Fernández (2012) 486 this approach can be used when the 210 Pbuns profile is piecewise linear and shows two or more 487 linear segments, which is exactly our case. The underestimation of sediment ages by the CRS 488 model is rather surprising because many authors reported overestimation of sediment age by 489 the CRS model (von Gunten et al., 2009; Tylmann et al., 2013a) . This relatively young sediment 490 age obtained for Lake Żabińskie is the result of a large correction of the total 210 Pbuns inventory 491 estimated from the exponential equation and applied for the calculations. Even constraining the 492 CRS model with the 137 Cs peaks did not help because, in older sediments, the difference was 493 still unacceptable (ca. 30 years). Nevertheless, much better consistency was obtained after 494 recalculating the correction value based on the exponential equation for the lowermost part of 495 the profile only. In this form, the constrained CRS model provided results that deviated from 496 the calendar age only by ≈10 yrs for the 120 years old sediments (Fig. 7) . , 2014) . This is also true for varved lake sediments which are regarded 504 as an ideal sedimentary environment with very limited physical mixing or bioturbation. 505 506
Conclusion
507
The sediment core from Lake Żabińskie documents complex sediment structures and 508 composition as well as variable sediment accumulation rates. Our goal in this study was to take 509 this excellent sediment archive to assess possible deviations of 210 Pb-derived ages from real 510 sediment ages as revealed by the tephra-supported varve chronology and to check how different 511 numerical procedures can improve the consistency of the chronologies.
512
Although the 210 Pbuns activity decreases with mass depth near-exponentially in this core, we 513 found a number of factors that make reliable dating difficult, i.e. high and variable supported 514 210 Pb levels and the total 210 Pbuns inventory that exceeds the expected atmospheric deposition 515 by a factor of 4. We demonstrated that, under these conditions, the two routinely employed Our study shows the challenges of routine procedures in the 210 Pb dating method and the 522 importance of careful testing and validation of the different numerical and model options. 523 Although it has been used numerously, the method still is not a well-established dating technique applicable to all situations (Abril, 2015) . Still, more detailed studies are required to 525 address the potential problems and pitfalls that affect 210 Pb-based sediment age modeling.
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Electronic Supplementary Material -Appendix 1.
Major element compositions of single glass shards from sample CLIMPOL ZAB138-140 and the Lipari obsidian glass standard obtained by electron probe microanalyses (EPMA). All results are given in %, values lower than detection limit indicated as n.d.
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